Prion proteins share an unusual property: they adopt distinct functional and conformational states that self-perpetuate through protein-conformational chain reactions [1] [2] [3] [4] . The first known prion, PrP, facilitates the transmission of a fatal neurodegenerative disease in mammals (spongiform encephalopathy) by converting non-prion conformers to the prion state 4, 5 . Fungal prions, however, are not generally pathogenic. Instead, they act as protein-only elements of inheritance. Their prion conformers produce new phenotypesoften beneficial phenotypes 3 -by changing processes as diverse as translation termination, nitrogen metabolism and heterokaryon formation 6 . These phenotypes are heritable because mother cells pass prion conformers on to their daughters, perpetuating the cycle of conversion 1 . In the marine snail Aplysia, a neuronal form of CPEB, a protein implicated in long-term memory 7 , can also switch to a self-perpetuating prion conformation. In this case, conformational switching activates the protein, suggesting that CPEB's self-perpetuating prion conformation functions in the long-term maintenance of synapses 8 . Most proteins can form amyloids under specific, unusual conditions 9 . Prion proteins access such states under normal physiological conditions, and some have been conserved for hundreds of millions of years 10 . Prions play a much broader role in biology than initially suspected [11] [12] [13] . To understand these self-perpetuating conformational changes, we investigated [PSI þ ], a highly conserved prion in Saccharomyces cerevisiae. [PSI þ ] confers a wide variety of novel phenotypes by facilitating the read-through of nonsense codons [11] [12] [13] . Read-through occurs when Sup35, a translation termination factor, is inactivated by conversion to an amyloid with a self-sustaining structure 1, 2, 6 . Sup35 has three distinct regions 14, 15 : C, a GTP-binding domain at the carboxy terminus; M, a highly charged middle region; and N, a glutamine/asparagine-rich amino-terminal region containing oligopeptide repeats. C facilitates translation termination, and N and M govern prion status. N is essential for converting Sup35 to the prion state in vivo 16 and for converting soluble protein into amyloid fibres in vitro 17 . M confers solubility in the non-prion state and stabilizes the prion during mitosis and meiosis 18 . When N and M are removed from C and fused to the glucocorticoid receptor, they create a new prion that confers a hormone-response phenotype on yeast but otherwise recapitulates all of the unusual physical and genetic behaviours of [PSI þ ] 19 . Thus, NM encodes prion function. In vitro, the conversion of natively unfolded NM to b-rich amyloid fibres involves (1) a lag phase, in which part of the protein oligomerizes and converts to an amyloidogenic nucleus, and (2) an assembly phase, in which soluble proteins rapidly associate with mature nuclei and convert to amyloid 17, [20] [21] [22] [23] [24] . NM can form distinct types of self-perpetuating conformers 17, 25 . These produce distinct phenotypes (prion strains or variants) when used to transform nonprion [psi 2 ] cells to the prion [PSI þ ] state 26, 27 . Thus, NM amyloids also embody prion structure.
The b-strands in NM fibres run perpendicular to the main axis and are spaced ,4.7 Å apart 20, 28 . Several mutations in NM are known to affect prion maintenance and fibre assembly 17, 18, 29, 30 . However, we do not yet know (1) the arrangement of individual NM molecules within the amyloid fibre, (2) the mechanisms of nucleation and conformational conversion, or (3) the structural basis of prion strains. To address these questions, we capitalized on the absence of cysteine residues in NM to create a large number of variants, each containing a single cysteine at a different location, which could be modified with fluorophores and crosslinkers.
Cysteine variants behave like wild-type NM We created 37 individual cysteine-substitution mutations throughout NM (Fig. 1a) Fig. S1a ). None altered the stability of those states (data not shown).
Next, each protein was expressed in and purified from Escherichia coli. All spontaneously assembled into amyloid at the same rate as wild-type ( Supplementary Fig. S1b ). Moreover, all fibres were indistinguishable from wild-type by electron microscopy and SDS (sodium dodecyl sulphate) solubility 22 (data not shown). Finally, fibres made from each mutant seeded assembly as well as the wild type 17, 20 ( Supplementary Fig. S1c ). Having established that cysteine-substitution proteins recapitulate prion behaviour both in vivo and in vitro, we used them to explore NM structure and assembly.
Boundaries of the cooperatively folded amyloid
We used two independent approaches to investigate the general structure of NM fibres. First, in 37 sets of fibres assembled at 25 8C from each variant, we probed the accessibility of cysteine residues to labelling with pyrene maleimide, and to a more hydrophilic reagent, Lucifer yellow (Fig. 1b and data not shown) . Proteins carrying a cysteine residue between amino acid residues 25 and 58 were sparsely labelled with either pyrene maleimide or Lucifer yellow. Proteins with a cysteine residue in amino acids 2-21 and 68-112 showed partial accessibility. All cysteines in M were highly accessible. Next, we used acrylodan to report on the conformational status of different segments of NM. Acrylodan shows an increase in fluorescence intensity and a blue shift in l max when sequestered from solvent. When denatured, all cysteine-labelled proteins had a l max around 530 nm. After assembly at 25 8C, proteins labelled with acrylodan at a cysteine between residues 21 and 121 had strongly blue-shifted emissions (l max 486-488 nm), indicating sequestration from solvent (no guanidine hydrochloride (GdmCl) in Fig. 1c and data not shown). Proteins labelled in regions adjoining residues 21-121 (residue 7 N-terminally and residues 137, 158 and 167 C-terminally) had partially blue-shifted emission maxima (l max 493-525 nm). Proteins labelled at residues 2, 184, 225 or 234 had no significant blue shift, indicating that these residues remained exposed to solvent pre-and post-assembly (Fig. 1c and data not  shown) .
To determine which residues participate in the same cooperatively folded structure, we assessed their post-assembly GdmCl denaturation profiles, using 24 different GdmCl concentrations for each of the fibres. All fibres labelled between residues 21 and 121 showed a similar drop in fluorescence intensity and a corresponding red shift in emission maxima, with an inflection at 2.5 M^0.15 M GdmCl (Fig. 1c) . These profiles fitted a monophasic unfolding transition that corresponds to the major unfolding transition of wild-type NM protein (A. Cashikar and S. L. L., unpublished results). Adjacent cysteine variants that had intermediate blue shifts upon fibrillization also had distinct unfolding transitions in GdmCl.
These studies establish that (1) a large portion of N is sequestered from solvent; (2) a sub-portion of N constitutes a distinct domain (formed by contiguous amino acids, including 21-121) with an unusually stable structure and a single cooperative unfolding transition; (3) flanking sequences are structurally heterogeneous, with residues 137 and 158 having distinct, but cooperative, unfolding transitions, and residues 2 and 7 having multiphasic transitions; and (4) M is flexible and solvent exposed from residue 158 onwards.
Residues in the N/M transition zone (amino acids 121, 137 and 158) were fully accessible to post-assembly cysteine labelling but according to acrylodan fluorescence and GdmCl denaturation were partially sequestered and structured. This probably reflects different sensitivities of the two techniques used to detect structural instability. For example, if residue 121 occasionally adopts an open structure, it would show a strong blue shift with acrylodan but still be accessible to prolonged labelling.
Identifying intermolecular contacts
To determine which regions of NM make intermolecular contacts in fibres, we exploited the ability of pyrene-labelled proteins to form excimers (excited-state dimers). When two pyrene molecules lie within 4-10 Å of each other, the long fluorescence lifetime of pyrene allows an excited residue to interact with an unexcited residue before energy is emitted. This produces a strong red shift in fluorescence. Excimer fluorescence will occur between residues at b-strands that form the interface between two monomers, but not between residues that are distant from the interface. One caveat is that the pyrenes might alter the structure formed, but control experiments eliminated this concern (see Supplementary Fig. S2c ).
In denaturant, each of the pyrene-labelled proteins had multiple emission maxima between 384 and 405 nm ( Supplementary  Fig. S2a, b) . After assembly at 25 8C, most fibres labelled in the N region showed a blue shift in fluorescence ( Supplementary Fig. S2b ), indicating that they were sequestered from intermolecular contacts. Six different fibre preparations individually labelled at a residue in one of two distinct regions (residues 25, 31 or 38, or residues 91, 96 or 106) produced strong red-shifted fluorescence (l max ,465 nm; see Fig. 2a and Supplementary Fig. S2a ). These residues must lie at or near a contact between two NM molecules. We will refer to these intermolecular contact regions as the 'Head' (residues 25-38) and 'Tail' (residues 91-106). Residues between them, the 'Central Core' (43-85), are also part of the cooperatively folded amyloid but are sequestered from intermolecular contacts.
Pyrene fluorescence patterns were virtually identical in repeat experiments (data not shown). They were also nearly identical in seeded and unseeded reactions (grey squares and black circles, respectively; Fig. 2a ). The remarkable reproducibility of these excimer patterns establishes that the intermolecular contacts in seeded assembly quite precisely recapitulate those of spontaneous assembly. Next, we mixed two proteins, each individually labelled at one cysteine residue, in all possible pair-wise combinations ( Fig. 2b and Supplementary Fig. S3 ). Confirming that residues in the Central Core do not contribute to intermolecular contacts, all fibres in which either one or both of the proteins were labelled in this region produced low excimer signals (residues 51, 58 and 73; see Fig. 2b and Supplementary Fig. S3 ). The strongest signals were again from the Head and Tail regions, but only when both proteins were labelled in the same region (Fig. 2b , orange boxes). Fibres with one protein labelled in the Head and another in the Tail produced weak signals. We conclude that contacts between monomers in the fibre occur in a Head-to-Head and Tail-to-Tail fashion.
These data are not compatible with the parallel, super-pleated sheet model for the Sup35 prion domain 31 , in which individual NM molecules fold into long serpentine arrays, stacked in parallel along their entire length. They are, however, compatible with a b-helix model 28 and other models in which a contiguous stretch of amino acids forms a cooperative amyloid fold, and a Central Core within this region is sequestered from intermolecular contacts. Furthermore, individual subunits must form contacts in a Head-to-Head and Tail-to-Tail fashion (see Fig. 3 ).
Constraints on inter-subunit relationships
To provide an independent assessment of inter-subunit interactions, we introduced two types of crosslinks into each of the individual cysteine-substituted proteins under denaturing conditions. Reaction with oxidized dithiothreitol (DTT) produced disulphide bonds with a bond length of ,2 Å . Reaction with 1,4-bis-maleimidobutane (BMB), a homobifunctional agent, produced crosslinks with a 10.9-Å flexible linker.
Disulphide crosslinks inhibited fibre formation at every position tested between residues 21 and 121 (black bars in Fig. 2c ; thioflavinT fluorescence levels equivalent to those of BSA aggregates). Disulfides in the extreme N terminus of N and in M had little effect on assembly.
In contrast, with the flexible BMB linker, NM molecules crosslinked at the Head or Tail formed fibres very efficiently (grey bars in Fig. 2c ). BMB crosslinks severely impeded fibre formation only in the Central Core.
The ,2-Å bond length of a disulphide bond is closer than the inter-strand distances of ,4.7 Å that characterize NM fibres 20, 28 . The distributions of residues for which disulphide bonds inhibit amyloid formation support our earlier conclusion that a contiguous linear segment of amino acids, including residues 21-121, constitute a cooperatively folded unit. Improper intersubunit alignments of any two residues in this region prevent folding of the rest of the domain. Residues in the extreme N terminus of N and in M are outside this domain and have little influence on its capacity to fold.
With the longer linker, apposition of two NM proteins in the Head or of two NM proteins in the Tail permits fibre formation, but apposition of Central Core residues prevents it. Thus, the separation of Central Core regions is not only a general characteristic of NM fibres but is essential for fibre formation.
We next asked whether the structural information and the tools we had assembled could be used to address two of the most enigmatic questions in prion biology. How is prion assembly nucleated? And what is the structural basis of distinct prion strains?
Early events during nucleation and assembly First, we monitored kinetic changes in the fluorescence of proteins labelled with acrylodan. All tested proteins that were labelled in the cooperatively folded amyloid region (21-106) showed a very rapid increase in fluorescence, characteristic of a first-order reaction with no lag phase (Fig. 4a) . This fluorescence increase preceded conversion to amyloid: when amyloid formation was monitored by the acquisition of an SDS-insoluble state, each acrylodan-labelled protein had the same lag and assembly phase as wild-type protein ( Supplementary Fig. S4 ). In contrast, molecules labelled at residues 158 or 167 changed fluorescence simultaneously with amyloid formation (Fig. 4a and data not shown) . Proteins labelled at residue 184, 203 or 225 showed no change in fluorescence (Fig. 4a and data not shown). We conclude that: (1) residues that form the cooperatively folded amyloid core rapidly enter a collapsed but non-amyloid state, (2) M residues proximal to N become structured only when N residues convert to amyloid, and (3) the distal region of M remains largely unstructured and exposed to solvent after amyloid assembly.
To determine which segments of the cooperatively folded amyloid region are the first to undergo conformational commitment, we took advantage of the fact that disulphide bonds anywhere in this region prohibit assembly (Fig. 2c) . We reasoned that segments of NM that are the first to assume productive spatial relationships would also be the first to be protected from the spontaneous formation of disulphide bonds. Representative cysteine mutants were allowed to assemble in buffer without DTT (to facilitate the formation of disulphide bonds) and later analysed for the formation of crosslinks (dimers) on SDS gels without DTT. Cysteines in the Head region (21, 25 and 31) formed fewer disulphide bonds than cysteines at other positions (Fig. 4b) . Thus, during conformational conversion, strand spacings compatible with a productive fold (and incompatible with disulphide formation) are achieved in the Head region more rapidly than in other regions.
Next, we investigated the effects of adding a single charge at various positions in the amyloid region. In some b-structures, such as the b-helix, alternating residues point towards or away from solvent, and the structures formed are very stable 32 . Although the introduction of a single charge would be unlikely to perturb such structures once they form, charge repulsions in early nucleating segments of the molten, collapsed intermediate would reduce the frequency with which these segments come into proximity, thereby slowing nucleation. Labelling individual NM cysteine residues with uncharged iodoacetamide had little effect on the quantity of protein converting to amyloid (Fig. 4c) or the kinetics of assembly ( Supplementary Fig. S5 ). In contrast, iodoacetate labelling, which introduces a negatively charged moiety similar in size to acetamide, strongly inhibited assembly in the Head region ( Fig. 4c and Supplementary Fig. S5) .
Finally, if Head-to-Head interactions are not only characteristic of early productive amyloid conformations, but actually cause a commitment to it, bringing Head regions in proximity with each other should promote nucleation. We compared assembly kinetics for several NM variants that had been crosslinked with BMB under denaturing conditions and then transferred to assembly buffer. Crosslinks in the Central Core (residues 43 and 73) blocked assembly entirely, confirming that these regions must be separated from each other to form amyloid (Fig. 4d) . Crosslinks in the Tail (residues 96 and 106) had little effect. Crosslinks in the Head (residues 21, 25 and 38) virtually eliminated the lag phase. Thus, the juxtaposition of residues in the Head region is an early event in amyloid formation and is, indeed, sufficient to nucleate it.
Structural distinctions between prion strains
To address the second critical question in prion biology-the basis of prion 'strains' or variants-within the structural framework we generated for NM fibres, we assembled the protein under conditions previously known to produce fibres enriched in different different strains 32 (25 8C versus 4 8C). We confirmed that fibres produced at 4 8C assembled much more rapidly 26 (data not shown), were less resistant to GdmCl denaturation (Fig. 5a) Supplementary Fig. S7 ).
Do fibres enriched in different prion strains have distinct cooperatively folded amyloid domains? Denaturation profiles of fibres, independently assembled from 16 acrylodan-labelled proteins at either 4 8C or 25 8C, were determined as in Fig. 1c . In fibres at 4 8C, residues 31-86 had strong blue shifts in fluorescence upon assembly and showed a single cooperative unfolding transition at D 1/2 , 1.5 M GdmCl (Fig. 5a and data not shown) . Flanking residues 21, 25, 96, 112 and 121 had smaller blue shifts in fluorescence upon assembly, and heterogeneous denaturation profiles after assembly, as had residues flanking the amyloid domain at 25 8C (2 and 7, 137 and 158; Figs 1c and 5a, and data not shown). Thus, the cooperatively folded amyloid core has a similar character at both temperatures: it is formed by a contiguous stretch of amino acids and is flanked by residues that are structurally heterogeneous. However, the length of the region incorporated into the cooperative amyloid fold is much shorter in fibres at 4 8C than in fibres at 25 8C, and is consequently more easily denatured. Shorter, less stable amyloid cores probably Figure 3 | An example model of NM assembly that conforms to our data. a-d, One model for NM assembly is provided to illustrate the constraints that our data place on the nature of NM fibre structures. In the cooperatively folded amyloid core, Head residues (red) in one NM molecule are in close proximity to Head residues of their neighbours; the same is true for the Tail residues (green) (c). Central Core residues (blue) are sequestered from intermolecular interactions. M (dashed line) is largely unstructured, but the segment of M proximal to N becomes structured when amyloid forms. In the initial stages, NM molecules rapidly acquire a collapsed state (a) that retains a molten character until the Head regions of two molecules (b) come into proximity with each other and nucleate assembly. We do not know how fibrils are arranged within fibres (d).
produce stronger, more stably inherited prion strains because the fibres are more easily fragmented and transmitted to daughter cells, promoting the cycle of inheritance.
Finally, we asked if intermolecular contacts differ in fibres assembled at 4 8C and 25 8C. The excimer fluorescence of residues in the Head region and in flanking residues (2, 7 and 16) changed modestly but in an extremely reproducible manner (seeded and unseeded reactions; Fig. 5b ). Excimer fluorescence in the Tail showed a larger shift. Thus, as the number of residues constituting the cooperatively folded amyloid domain changes, the intersubunit interfaces change as well.
The structural basis of prion strains In fibres enriched for distinct prion strains, we confirmed 27 differences in the rate at which assembly occurred, and discovered differences in both the length of the amyloid core and the intersubunit contacts. But are these features determinative? If so, proteins crosslinked in different places should strongly bias assembly reactions towards different prion strains.
Proteins crosslinked with BMB (as for Fig. 2c) (Fig. 5c) , consistent with their failure to undergo amyloid assembly (Fig. 2c) . Crosslinks in the Head, which caused very rapid assembly, biased fibres towards the production of strong strains. Conversely, crosslinks in the Tail, which should cause a longer segment to be incorporated into the cooperative amyloid fold, biased fibres towards weak strains (Fig. 5c) . Notably, the strain biases produced by different crosslink positions overcame those of different assembly temperatures. Whether the fibres used for transformation had been assembled at 4 8C or at 25 8C, proteins crosslinked in the Head produced primarily strong strains, and proteins crosslinked in the Tail produced primarily weak strains (Fig. 5d) . We conclude that strain distinctions are due to differences in the length of the amyloid core of individual NM molecules, as well as the nature of NM-NM interfaces.
Discussion
Our results provide a framework for the structure of NM fibres, define rate-limiting events that govern their nucleation and establish a physical basis for prion strains. The data provide many insights regarding prion initiation and propagation, and are likely to shed light on amyloid biology in other systems.
The first step in assembly is the formation of a collapsed intermediate, in which residues in the N region are sequestered from solvent but have not yet locked into their final structures ( Fig. 4a and Supplementary Fig. S4 ). The search for structure in globular proteins also begins with a collapsed intermediate, but these are dominated by hydrophobic interactions. The collapse of N must be governed by polar interactions and/or backbone interactions, because polar residues outweigh hydrophobic residues by 16 to 1. Hence, proteins governed by very different interactions, and achieving very different final structures, both do so through a molten, collapsed intermediate.
Within this collapsed state, it is the Head region that commits most rapidly to amyloid-compatible spatial relationships (Fig. 4b) . Moreover, simply bringing the Head regions of two NM molecules into close proximity triggers nucleation (Fig. 4d) . We suggest that Head-to-Head contacts are a principal route for NM nucleation, funnelling the protein away from other folding pathways that might still be productive but are much slower. The lag phase of assembly would then represent the time required to search out these productive contacts in the collapsed molten state. The importance of Head-to-Head contacts in nucleation clarifies why the 'species barrier', which prevents cross-species seeding between S. cerevisiae and Candida albicans NM proteins, maps to this region 2, 33, 34 . After nucleation, fibres grow through Head-to-Head and Tail-toTail interactions (Figs 2a, b and 3) . This explains why they grow bi-directionally 21 . Moreover, the fact that both ends of NM are involved in prion propagation explains why rare cross-seeding events (between NM proteins from diverse species and between entirely different prions in the same species) rapidly convert from heterotypic to homotypic interactions [35] [36] [37] . Once the heterologous protein has joined the fibre, it will immediately present a homotypic interface for either Head-to-Head or Tail-to-Tail interactions.
Our work also sheds light on the role played by the 5.5 degenerate oligopeptide repeats (consensus sequence P/QQGGYQQ/SYN). Increasing the number of repeats greatly increases spontaneous prion formation in vivo and fibre nucleation in vitro 38 . Reducing them eliminates the protein's ability to propagate in vivo as a prion on its own. However, even a single repeat allows efficient incorporation into pre-existing wild-type prions [38] [39] [40] . We find that most repeats are in the Central Core, sequestered from intermolecular contacts (Figs 2 and 4d) , and that the length of the Central Core determines fibre stability (Fig. 5a) . However, intermolecular Tail-to-Tail contacts include the final 1.5 to 2.5 repeats. Repeat-to-repeat contacts are therefore accommodated in both intramolecular and intermolecular amyloid interactions. With a single repeat, the stability of NM amyloid might fall below the threshold required to maintain the (blue squares), G43 (red triangles), Y77 (green triangles), G96 (green hexagons) and Y106 (blue diamonds) occurred very rapidly after proteins were diluted into buffer, before the formation of amyloid (see also Supplementary Fig. S4 ). Amyloid formation was assessed by SDS insolubility because acrylodan and ThT fluorescence could not be analysed in the same reaction. Acrylodan fluorescence for mutants T158 (black triangles) and K184 (red circles) in the M domain, and ThT binding profiles of wild-type NM (blue circles) are plotted for comparison. b, Susceptibility of different cysteine residues to spontaneous crosslinking during assembly under non-reducing conditions. Crosslinks were assessed by non-reducing SDS-PAGE. c, Addition of a single charge in the Head region severely impedes fibre assembly. Assembly of negatively charged iodoacetate-labelled (blue) and uncharged iodoacetamide-labelled (red) proteins was monitored by ThT fluorescence. d, Assembly kinetics of cysteine variants crosslinked with BMB at position N21 (black triangles), G25 (black circles), Q38 (black squares), wild-type NM (blue triangles), G96 (blue circles), Y106 (blue squares), G43 (red squares) and Y73 (red circles), monitored by ThT fluorescence.
prion state on its own (perhaps through increased susceptibility to Hsp104 disaggregation 23 ). However, with this single repeat, the molecule could still join pre-existing wild-type prions through Head-to-Head and repeat-to-repeat interactions. Noting that the repeat sequence is able to form an amyloid on its own 41 , we further propose that the closely spaced repeat sequences of individual NM molecules readily collapse into transient pre-amyloid structures within the molten intermediates where nucleation occurs. The more repeats, the more likely this transient structure is to form, reducing the number of contacts the Head region must sample to initiate nucleation, and thereby increasing the spontaneous rate of prion formation.
What structural elements are responsible for enciphering prion strains? Previous data are perplexing. On one hand, amyloids assembled in vitro from a fragment containing only the first 65 residues of N can induce a broad spectrum of distinct heritable prion strains when used to transform (Figs 2a and 5b) provide a key. Different intermolecular contacts in both the Head and Tail create distinct strains. Residues 1-65 contain the Head region and two repeats. This fragment should be able to form the full spectrum of Head region interactions that distinguish different strains, and be able to propagate these to wild-type protein. However, differences in the length of the Central Core and the position of Tail-to-Tail contacts are the major distinctions between prion strains. Hence, residues 65-137 are required for the maintenance of distinct strains in vivo.
Does our data have relevance to other prions and amyloids? Although it is not yet clear that molten oligomeric species are obligate intermediates in the formation of other amyloids (as it is for NM), they are present in the initial stages of many amyloid assemblies 43, 44 . Evidence also attests to the importance of dimeric interactions in the assembly of diverse amyloids [45] [46] [47] . Recent molecular dynamics simulations with Ab peptide suggest that assembly begins with a molten oligomeric species that allows the rapid sampling of multiple intermolecular contacts, with two individual molecules precipitously finding the right contact and nucleating assembly 44 . Several other similarities with the mammalian prion determinant, PrP, are apparent. These include (1) electron crystallography data supporting a b-helix-like structure in the prion state 48, 49 ; (2) the importance of PHGGGWGQ oligopeptide repeats (an increase in repeat number causes spontaneous prion formation, and eliminating repeats inhibits propagation); and (3) the ability of PrP to form a variety of phenotypically distinct strains with different structures (that is, different sensitivities to GdmCl denaturation, protease cleavage sites and glycosylation states) 50 . For simplicity, we distinguished only strong and weak strains of NM but, in fact, each category includes a multiplicity of strains (ref. 27 and data not shown). We suggest that promiscuity in intermolecular Head and Tail contacts, together with the low sequence complexity of the N domain (72% Q, N, G and Y) allow differences in intermolecular contacts to ratchet the amyloid core into different registers, creating an ensemble of structures with closely related but distinct b-strand contacts. If the length of the amyloid core and the residues involved in contact interfaces differ for PrP strains as they do for NM, it would readily explain variations in transmission within and between species. One fold might display an interface that is polymorphic between species, another might display an invariant interface. One fold might restrict the incorporation of a glycosylated residue because the modified side chain would point inward; another might permit it because the residue points outward. Similarly, transient intramolecular b-structures formed by expanded oligopeptide repeats would reduce the number of intermolecular contacts that must be sampled to nucleate prion formation, even though the prion-enhancing repeats of PrP lie outside the final amyloid core 4, 5 . There will undoubtedly be many variations in the structure and dynamics of amyloid assemblies, but several of the principles we have uncovered, as well as the methods we used, will probably be applicable to other systems. Note added in proof: A study focusing on three residues (amino acids 36, 76 and 108) has recently reported that paragmagnetic spin resonance spectroscopy provides evidence for strain-specific differences that affect the species barrier between S. cerevisiae and C. albicans 51 .
METHODS
Mutagenesis, protein purification and yeast strains. The site-specific substitution of individual amino-acid codons for cysteine codons, the production of integrating genomic constructs, the strategy for replacing wild-type SUP35 with the cysteine mutants, and overexpression and purification of cysteine mutants is described in the Supplementary Information. Cysteine labelling. Post-assembly cysteine labelling: 5 mM NM fibres were incubated with 15 mM of pyrene maleimide or 15 mM Lucifer yellow for 3 h. Fibres were washed three times with 20% methanol containing 5 mM DTT, and redissolved in 6 M GdmCl. Labelling efficiencies were calculated according to the Molecular probes website (www.probes.com).
Pre-assembly cysteine labelling: proteins were incubated in 6 M GdmCl with acrylodan or pyrene maleimide as recommended by Molecular Probes (see Supplementary Information). Labelling efficiencies for acrylodan (.90%) and pyrene (70-80%) were also determined according to the manufacturer's protocol.
Iodoacetate and iodoacetamide labelling in 6 M GdmCl used 25 mM protein and a fivefold excess of iodoacetate or iodoacetamide for 2 h at 25 8C. After using a PD10 desalting column (Pharmacia) to remove free label, efficiencies were determined from the number of free thiol groups still accessible to 5,5 0 -dithiobis-2-nitrobenzoic acid. BMB (1,4-bis-maleimidobutane) was used at a protein-to-reagent ratio of 1:2. O-DTT (oxidized dithiothreitol) was used at a ratio of 5:1. Reactions in 6 M GdmCl were terminated after 3 h with 5 mM DTT. Crosslinking efficiencies (all 70-85%) were assessed by SDS-PAGE. Protein transformation. Yeast cells containing an ADE1 mutation suppressible by [PSI þ ] were co-transformed with NM proteins and a URA3 plasmid as described 27 . Uraþ transformants were picked before colour development (three days instead of seven), to avoid bias. Approximately 200 transformants for each mutant (obtained from five independent transformations in each case), were patched onto uracil-deficient medium and replica plated to both adeninedeficient medium and 25% rich medium (YPD; yeast extract, peptone and dextrose) supplemented with 20 mg ml 21 adenine. Transformation efficiencies were calculated (Supplementary Fig. S6 ) and strong and weak strains were scored 27 by colour on YPD ( Supplementary Fig. S1 ), and rates of growth were scored on adenine-deficient medium.
